High spin polarization of the anomalous Hall current in Co-based Heusler compounds 
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Based on first principles density functional calculations of the intrinsic anomalous and spin Hall 
conductivities, we predict that the charge Hall current in Co-based full Heusler compounds C02XZ 
(X = Cr and Mn; Z — Al, Si, Ga, Ge, In and Sn) except Co2CrGa would be almost fully spin- 
polarized even although Co2MnAl, Co2MnGa, Co2MnIn and Co2MnSn do not have a half- metallic 
band structure. Furthermore, the ratio of the associated spin current to the charge Hall current is 
slightly larger than 1.0. This suggests that these Co-based Heusler compounds, especially Co2MnAl, 
Co2MnGa and Co2MnIn which are found to have large anomalous and spin Hall conductivities, 
might be called anomalous Hall half-metals and could have valuable applications in spintronics such 
as spin valves as well as magnetoresistive and spin-torque driven nanodevices. These interesting 
findings are discussed in terms of the calculated electronic band structures, magnetic moments and 
also anomalous and spin Hall conductivities as a function of the Fermi level. 
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I. INTRODUCTION 

Spin electronics (or spintronics) [l| has recently be- 
come an emergent field because of the exciting promise of 
such spin-transport devices as magnetic field sensors for 
reading magnetically stored information based on giant 
magnetoresistance (GMR)0, 0], spin valves based tun- 
nefing magnetoresistance (TMR)[j, and spin-torque 
switching-based magnetic nanodevices such as magnetic 
random access memories (MRAM)[i, 0. The materi- 
als which can provide a highly spin-polarized currrent, 
are a key ingredient for spintronics. In this context, 
half- metallic ferromagnets^J, which are characterized by 
the coexistence of metallic behavior for one spin channel 
and insulating behavior for the other, are particularly at- 
tracting. Their electronic density of states at the Fermi 
level is completely spin polarized, and thus they could 
in principle offer a fully spin-polarized current. There- 
fore, since the first prediction of half-mctallicity for the 
half Heusler compound NiMnSb in 1983 [8J, intensive re- 
search on half-metallic materials has been carried [ol-fTsj. 
Indeed, a large number of materials have been predicted 
to be half-metallic and the half-metallicity of some of 
these such as Cr02 with Curie temperature Tc = 392 
K(l6j. has also been verified experimentally. 

Most Co-based full Heusler compounds in the cubic 
L2i structure are ferromagnetic with a high Curie tem- 
perature and a significant magnetic moment. (iq| In par- 
ticular, Co2MnSi has the Curie temperature as high 
as 985 K and a large magnetic moment of 4.96 fiB- 
Furthermore, many of them were predicted to be half- 
metallic jlll, [3, [13 and hence are of particular interest 
for spintronics. Therefore, the electronic band structure 
and magnetic properties of the full Heusler compounds 
have been intensively investigated both theoretically and 
experimentally in recent years [13, [HI, [13, [iBl- For ex- 
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ample, the total magnetic moments of these materials 
were found to follow the Slater-Pauling type behavior 
and the mechanism was explained in terms of the calcu- 
lated electronic structures The Curie temperatures 
of Co-based Heulser compounds were also determined 
ab initio and the trends were related to the electronic 
structures [1^. 

In this paper, we study anomalous Hall effect (AHE) 
and spin-polarization of Hall current in the Co-based full 
Heusler compounds C02XZ (X — Cr and Mn; Z = Al, 
Si, Ga, Ge, In and Sn) by ab initio calculations of in- 
trinsic anomalous and spin Hall conductivities. Anoma- 
lous Hall effect, discovered in 1881 by HallpJ^], is an 
archetypal spin-related transport phenomenon and hence 
has received renewed attention in recent years [isj. In- 
deed, many ab initio studies on the AHE in elemental 
ferromagnets [l9l - [2^ and intermetallic compounds [23l. [23| 
have recently been reported. However, first principles in- 
vestigations into the AHE in half-metallic ferromagnets, 
which is interesting on its own account, have been very 
few[25j. Therefore, a principal purpose of this work is to 
understand the AHE in the Co-based full Heusler com- 
pounds especially those of half-metallic ones. The results 
may also help experimentally search for the Heusler com- 
pounds with large AHE for applications, e.g., in magne- 
tization sensors [265. 

The intrinsic AHE is caused by the opposite anoma- 
lous velocities experienced by spin-up and spin-down 
electrons when they move through the relativistic en- 
ergy bands in solids under the influence of the electric 
field. [18] In ferromagnets, where an unbalance of spin-up 
and spin-down electrons exists, these opposite transverse 
currents would give rise to the spin-polarized charge cur- 
rent (i.e., anomalous Hall current). In nonmagnetic ma- 
terials where the numbers of the spin-up and spin-down 
electrons are equal, the same process would result in a 
pure spin current, and this is known as the intrinsic spin 
Hall effect (SHE) J27] Interestingly, the pure spin current 
is dissipationless[23| and is thus important for the devel- 
opment of low energy-consumption nanoscale spintronic 
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devices [285. We note that high spin-polarization (P) of 
the charge current (Iq) from the electrode is essential 
for large GMR and TMR. However, since the current- 
induced magnetization switching results from the trans- 
fer of spin angular momentum from the current carri- 
ers to the magnet [il, large spin current (Is) would be 
needed for the operation of the spin-torque switching- 
based nanodevices[6, 7|, i.e., a large ratio of spin current 
to charge current [ry = \{2e/h)Is/Ic\], would be crucial. 
For ordinary charge currents, this ratio tj varies from 
0.0 (spin unpolarized current) to 1.0 (fully spin polarized 
current). Interestingly, 77 can be larger than 1.0 for the 
charge Hall currents and is 00 for pure spin current. Ex- 
citingly, spin-torque switching of ferromagnets driven by 
intense pure spin current from the large spin Hall effect 
in tantalum has been recently reported[28|. Therefore, 
because of this and also the topological nature of the in- 
trinsic AHEfTs'l, it might be advantageous to use the Hall 
current from ferromagnets for magnetoelectronic devices, 
rather than the longitudinal current. Another purpose of 
this work is therefore to investigate the nature and spin- 
polarization of the Hall current in the Co-based Heusler 
compounds, the knowledge of which is required for pos- 
sible spintronic applications of the Hall current. 



ture (L2i) and use the experimental lattice constants 
for all the considered C02XZ Heusler compounds except 
Co2CrSi, Co2CrGe and Co2MnIn, as listed in Table 1. 
Since the lattice constants of Co2CrSi, Co2CrGe and 
Co2MnIn have not been reported, we have determined 
their lattice constants theoretically (sj]. The SOC is in- 
cluded using the second variation technique [sT'l with the 
magnetization along the c-axis in all the present calcu- 
lations. The wave function, charge density, and poten- 
tial were expanded in terms of the spherical harmonics 
inside the muffin-tin spheres and the cutoff angular mo- 
ment {L„iax) used is 10, 6 and 6, respectively. The wave 
function outside the muffin-tin spheres was expanded in 
terms of the augmented plane waves (APW) and a large 
number of augmented plane waves (about 70 APWs per 
atom, i. e., the maximum size of the crystal momen- 
tum Kmax — &/Rmt) wcrc iucludcd in the present cal- 
culations. The improved tetrahedron method is used for 
the Brillouin-zone integration ^38^]. To obtain accurate 
ground state charge density as well as spin and orbital 
magnetic moments, a fine 36x36x36 grid with 1240 k- 
points in the irreducible wedge of the first Brillouin zone 
was used. 



II. THEORY AND COMPUTATIONAL 
METHOD 

The intrinsic anomalous and spin Hall conductivi- 
ties of a solid can be evaluated by using the Kubo 
formahsmfUllllllllil. The intrinsic Hall effect comes 
from the static limit (w = 0) of the off-diagonal elements 
of the optical conductivity [2^. Here we first calculate 
the imaginary part of the off-diagonal elements of the 
optical conductivity. Then we obtain the real part of the 
off-diagonal elements from the corresponding imaginary 
part by a Kramers-Kroning transformation. The intrinsic 
Hall conductivity a^y is the static limit of the off-diagonal 

element of the optical conductivity aj^J (w = 0) (see Ref. 
[22'] for more details). We notice that the anomalous 
Hall conductivity (AHC) of bcc Fe[lH and the spin Hall 
conductivity (SHC) of fee PtfsO*! calculated in this way 
are in good agreement with that calculated directly by 
accounting for the Berry phase correction to the group 
velocity. 

Since all the intrinsic Hall effects are caused by the 
spin-orbit couphng (SOC), first-principles calculations 
must be based on a relativistic band theory. We cal- 
culate the relativistic band structure of the Co-based 
Heusler compounds (C02XZ) considered here using the 
highly accurate full-potential linearized augmented plane 
wave (FLAPW) method, as implemented in the WIEN2K 
code[3l[. The self-consistent electronic structure calcula- 
tions are based on the density functional theory (DFT) 
with the generalized gradient approximation (GGA) for 
the exchange correlation potential [32]. We consider 
only the fully ordered cubic Heusler compounds struc- 



III. MAGNETIC MOMENTS AND 
HALF-METALLICITY 

Let us first examine the calculated magnetic properties 
and band structures near the Fermi level of the consid- 
ered Co-based Heusler compounds. Since the electronic 
structure and magnetism in the full Heusler compounds 
have been extensively studied (see, e.g., Refs. [ll|, [T3 |. 
[isj and references therein), here we focus on only the 
salient features which may be related to the anomalous 
and spin Hall effects as well as spin polarization of the 
Hall current to be presented in the next two sections. The 
calculated total spin magnetic moment, local spin and or- 
bital magnetic moments as well as spin-decomposed den- 
sities of states (DOSs) at the Fermi level {Ep) of all the 
considered Co-based Heusler compounds are listed in Ta- 
ble 1, together with the available experimental total spin 
magnetic moments for comparison. The site-decomposed 
DOSs for the three representative Heusler compounds 
Co2CrAl, Co2MnAl and Co2MnSi are dislayed in Fig. 
1. 

First of all. Table 1 shows that Co2CrZ (Z = Al, Si 
and Ge) and Co2MnZ (Z = Si and Ge) are half-metallic, 
since the spin- down DOS at the Fermi level [N^{Ef)] for 
these compounds is zero. Therefore, their calculated to- 
tal spin magnetic moments are almost an integer, as all 
the half-metallic ferromagnets should be. The tiny devi- 
ation of the total spin magnetic moment from an integer 
for these compounds is due to the inclusion of the SOC in 
the present calculations. Note that, in principle, includ- 
ing the SOC could induce a nonvanishing N^{Ep) in the 
spin-down band gap of half-metals and hence could de- 
stroy the half-metallicity. Nevertheless, the N^(Ep) was 
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TABLE I. Calculated total spin magnetic moment (m\°^) (/is/f.u.), atomic spin magnetic moment {nis) and orbital magnetic 
moment {{mo) (^s/atom) as well as spin-decomposed density of states at the Fermi level [N^{Ef), N^{Ef)] (states/eV/f.u.) 
of all the considered Heusler compounds C02XZ, together with the lattice constants a (A) used and the number of the valence 
electrons {n^) per formula unit (f.u.). For comparison, the available experimental magnetic moments are also listed. The orbital 
magnetic moment for the non-transition metal atoms (mf ) is negligible, i.e., being less than 0.0001 /is/atom, and hence not 
listed here. 



C02XZ 


a 




mT 




mf 








N^{Ef) N^Ef) 


CoaCrAl 


5.727^ 


27 


2.998 


0.804 


1.533 


-0.061 


0.016 


0.007 


4.160 


0.000 








1.65^ 
















CoaCrSi 


5.630^ 


28 


3.99" 


1.013 


2.015 


-0.045 


0.025 


-0.008 


3.064 


0.000 


CoaCrGa 


5.8O53 


27 


3.051 


0.758 


1.651 


-0.053 


0.016 


0.006 


2.928 


0.215 


CoaCrGe 


5.740|£ 


28 


3.997 


0.950 


2.129 


-0.033 


0.025 


-0.013 


2.820 


0.000 


CoaMnAl 


5.7553 


28 


4.037 


0.760 


2.730 


-0.079 


0.011 


0.019 


1.183 


0.229 








4.07^ 
















CoaMnSi 


5.654^ 


29 


4.997 


1.059 


2.995 


-0.052 


0.027 


0.015 


1.254 


0.000 








4.96f. 
















CoaMnGa 


5.770^ 


28 


4.12" 


0.754 


2.794 


-0.062 


0.009 


0.021 


1.832 


0.369 








3.72^ 
















CoaMnGe 


5.743^ 


29 


4.99" 


0.999 


3.091 


-0.041 


0.030 


0.019 


1.290 


0.000 








4.84_^ 
















CoaMnIn 


5.990^ 


28 


4.460 


0.812 


3.034 


-0.056 


0.017 


0.023 


2.321 


1.235 


CoaMnSn 


6.0003 


29 


5.033 


0.974 


3.241 


-0.046 


0.034 


0.021 


1.215 


0.175 



4.78^^ 



^ Experimental data (Ref. [3 3 
^ GGA calculations (Ref. \m 



Experimental data (Ref. 
Experimental data (Ref. 



found to be very small in Heusler compound NiMnSb 
although it could be large in heavy element compounds 
such as MnBi:39j. Indeed, the N^{Ef) in the above men- 
tioned C02XZ compounds obtained with the SOC is neg- 
ligible (see Table 1). CosCrGa, CosMnAl, CozMnGa, 
Co2MnSn and Co2MnIn are not half-metallic (see Table 
1 and Fig. 1). Nevertheless, in Co2CrGa, Co2MnAl and 
Co2MnSn, because the Ep is located only slightly below 
the top of the spin-down valence band (Fig. 1), the to- 
tal spin magnetic moment deviates only slightly from an 
integer (see Table 1 and Fig. 1). 

Secondly, we find that the local spin magnetic moments 
on the 3d transition metal sites, namely, Co and X (X = 
Cr and Mn) , are large and coupled ferromagnetically (see 
Table 1). The Co atoms have a spin magnetic moment 
ranging 0.7 to 1.0 fj,B, and the spin magnetic moment of 
the Mn (Cr) atoms is around 3.0 (2.0) fiB- In contrast, 
the local spin magnetic moments on the non-transition 
metal atoms Z (Z = Al, Si. Ga, Ge, In and Sn) are small 
and aligned antiparallel to that of the Co and X atoms. 
Not surprisingly, the orbital magnetic moments on the 
transition metal atoms (Co, Mn and Cr) are rather small, 
being about 2 order of magnitude smaller than the spin 
magnetic moments, because of the weakness of the SOC 
in these 3d transition metal compounds. All the non- 
transition metal (Z) atoms have a practically zero orbital 
magnetic moment (i.e., being < 0.0001 /xs/atom) and 
thus are not listed in Table 1. The calculated total spin 



magnetic moments are in good agreement with previous 
theoretical calculations [TTilT^ and also the experimental 
results [l(|. 

Thirdly, we notice that the calculated total spin mag- 
netic moments for all the Heusler compounds more or less 
follow the so-called ni,-24 rule (n„ is the number of va- 



lence electrons) , as has already been reported in Ref. [11 1 . 
For 3d transition metals and their binary compounds, the 
total spin magnetic moment (m,*°*) shows the well-known 
Slater-Pauling behavior[40|. This to*°* = n„-24 rule is 
essentially a generalized Slater-Pauling rule for the full- 
Heusler compounds. The reason is that in these com- 
pounds, the number of occupied spin-down states (n^) is 
found to remain fixed at 12, at least when they are in 
the half- metallic state. [ll[ Therefore, to*°* = — 2n^ = 
n.u — 24. For example, the n„ for Co2CrAl and Co2CrGa is 
27, and the calculated m*°* are 3 /i^. Similarly, the total 
spin magnetic moment is 4 for Co2MnAl, and 5 /is 
for Co2MnSi, Co2MnGe, Co2MnSn, also following this 
Uy — 24 rule. The obvious exceptions are Co2MnGa and 
Co2MnIn because they deviate strongly from the half- 
metallicity (Table 1). 

Displayed in Fig. 1 are the total and site decomposed 
DOSs of three selected Heusler compounds Co2CrAl (a), 
Co2MnAl (b) and Co2MnSi (c). Fig. 1 shows clearly 
that Co2CrAl and Co2MnSi are half-metallic with the Ep 
falling in the spin-down insulating gap, while Co2MnAl is 
a normal ferromagnetic metal with the Ep being located 
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FIG. 1. (color online) Total and site decomposed densities 
of states (DOSs) for (a) Co2CrAl, (b) Co2MnAl and (c) 
Co2MnSi. The Fermi level is set to zero. 



just below the top of the spin-down valence band. The 
DOS spectra for Co2MnAl and Co2MnSi are in general 
similar except the location of the Fermi level. As one 
goes from Co2MnSi to Co2MnAl, the decreases by 
one and hence the Ep is lowered from the middle of the 
spin-down insulating gap to that just below the top of 
the spin-down valence band. Similar situations occur for 
Co2MnGa and Co2MnGe, and thus their DOS spectra 
are not shown here. However, pronounced differences in 
the band structure between Co2CrAl and Co2MnAl ex- 
ist. These differences are mainly caused by the different 
exchange splittings of the Cr and Mn 3d bands. The Mn 
atoms have a larger spin moment of ^ 3.0 fiB and hence 
a larger 3d band exchange splitting, whilst the Cr atoms 
have a smaller spin moment of ~ 2.0 fiB and hence a 
smaller exchange splitting (see Table 1 and Fig. 1). Con- 
sequently, the Fermi level is located at the center of the 
spin-up 3d band in Co2CrAl (Fig. la) whilst the spin- 
up 3d band in Co2MnAl is mostly below the Fermi level 
(Fig. lb). In short, the Co-based Heusler compounds 
considered here can be divided into two families, namely, 
Co2CrZ and Co2MnZ. Within each family, the electronic 
structure and other physical properties for one member 



can be approximately obtained from another member by 
appropriately shifting the Fermi level. One exception is 
the pair of Co2MnSn and Co2MnIn. 



IV. ANOMALOUS AND SPIN HALL 
CONDUCTIVITIES 

A dense k point mesh would be needed for obtai ning 
accurate anomalous and spin Hall conductivities [Tol l2ll . 
[29| . Therefore, we use several fine fc-point meshes with 
the finest fc-point mesh being 58x58x58. To obtain the 
theoretical anomalous and spin Hall conductivities, we 
first calculate the AHC and SHC as a function of the 
number (Nk) of fc-points in the first Brillouin zone. The 
calculated anomalous {cr^y) and spin (crf^) Hall conduc- 
tivities versus the inverse of the Nk are then plotted and 
fitted to a first-order polynomial to get the converged 
theoretical a^y and a^y (i.e. the extrapolated value at 
iVfc = oo) (see Refs. [H and [12]). The theoretical cr^ 
and a^y determined this way are listed in Table 2. 

Table 2 shows that the calculated a^y and a^y are large 
for Co2MnAl, Co2MnGa and Co2MnIn, but are five to 
ten times smaller for the other compounds. This sug- 
gests that Co2MnAl, Co2MnGa and Co2MnIn may find 
applications for, e.g., magnetic sensors. Q Interestingly, 
the calculated a^,, seems to be about half of the a^„ for 
every compound considered here except Co2CrGa. This 
may be attributed to the half-metallic behavior of these 
Heusler compounds. In the half metallic materials, the 
charge current would flow only in one spin channel, and 
no charge current in the other spin channel, resulting in 
a^y being twice as large as afy. We will further discuss 
this point in the next section. 

We notice that the difference in the AHC between 
Co2MnAl (CosMnGa) and Co2MnSi (Co2MnGe) is 
rather dramatic while the number of valence electrons 
in Co2MnAl (Co2MnGa) differs from that in Co2MnSi 
(Co2MnGc) only by one (see Table 1). In particular, the 
AHC in Co2MnAl (Co2MnGa) is about six times larger 
than that in Co2MnSi (Co2MnGe). This is somewhat 
surprising because one would expect a half-metallic metal 
with a larger magnetization to have a larger AHC than 
a normal ferromagnet with a smaller magnetization. To 
better understand this, we display the relativistic band 
structure as well as the AHC and riy as a function of 
the Ep for three selected compounds Co2CrAl, Co2MnAl 
and Co2MnSi in Fig. 2. Fig. 2(d) and (g) suggest that 
the band structures of Co2MnAl and Co2MnSi are rather 
similar. The key difference is the location of the Ep 
due to the difference in the riy in these conipoimds. In 
other words, the band structure and other physical prop- 
erties of Co2MnSi may approximately be obtained from 
that of Co2MnAl by raizing the Ep by about 0.5 eV due 
to one extra p valence electron. Interestingly, there is 
a pronounced peak sitting at the Ep in the a^y spec- 
trum of Co2MnAl. This feature may be attributed to 
the prominant contributions to the AHC from the spin- 
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TABLE II. Calculated anomalous [a^y (S/cm)] and spin [crfy (fiS/e cm)] Hall conductivities as well as spin-decomposed Hall 
conductivities {a^y , o^y) (S/cm), Hall current spin polarization (%), spin polarization of the electronic states at the Fermi 
level (%) and the ratio of spin current to charge current r). 



Co2CrAl 241 (438J 137 258 -17.0 114 100 (lOOj 1.14 
125j^ 

Co2CrSi 17" 101 189 -13.8 115 100 1.15 

CoaCrGa 327 106 269 -58.0 64 86 0.65 
Co2CrGe 234 133 250 -16.6 114 100 1.14 
Co2MnAl 1265 (1800^ 655 1288 -23.1 104 68 (75^ 1.04 
1500~2000^ 

CoaMnSi 193 (228j" 110 206 -13.4 114 100 (lOOj 1.14 
Co2MnGa 1417 733 1441 -24.5 103 66 1.03 
Co2MnGe 228 134 248 -19.5 117 100 1.18 
Co2MnIn 926 433 895 29.9 93 31 0.94 
Co2MnSn 174 (118^ 101 188 -13.9 116 75 (82^ 1.16 



^ Theoretical results (Ref. Q). 
^ Experimental data (Ref. '4lJ). 
Experimental data (Ref. 1261 ). 
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FIG. 2. (color online) Band structure (left panels), anomalous 
Hall conductivity (cr^) (middle panels) and number of valence 
electrons per formula (wi,) (right panels) for Co2CrAl (up- 
per panels), CoaMnAl (middle panels) and CoaMnSi (bottom 
panels). The Fermi energy is shifted to zero. The red dashed 
ellipses in the left panels mark the predominantly spin-down 
energy bands. 



down band pocket at the F point and also the narrow 
spin-up bands along the Brillouin zone edges X-W and 
W-K (see Fig. 2, and also Fig. 5 in Ref. (H). These 
band features also apppear in the isoelectronic compound 
Co2MnGa (not shown here) which has a large AHC too 
(Table 2). However, when the Fermi level is raized to the 
highly dispersive Co and Mn d-orbital hybridized spin- 
up band region to accommodate one more valence elec- 
tron as one goes from Co2MnAl (Co2MnGa) to Co2MnSi 
(Co2MnGe), these band features are now significantly 
below the Ep (Fig. 2) with much diminished contribu- 
tions to the AHC, thus resulting in the much reduced 
a^y and aly in Co2MnSi (Co2MnGe) (Table 2). Interest- 
ingly, the calculated a^y is larger in Co2MnGa than in 
Co2MnAl. This difference in the a-^y could be attributed 
to the larger SOC in the Ga atoms than in the Al atoms. 
This finding prompted us to calculate the a^y and a^y for 
Co2MnIn. Unfortunately, the calculated a^y in Co2MnIn 
is even smaller than that of Co2MnAl. 

However, as described in the preceding section, signifi- 
cant differences in the band structure between Co2MnAl 
and Co2CrAl exist and they are not simply due to the 
different locations of the Ep in these compounds (Fig. 
2). In particular, the top of the spin-down valence band 
which sticks out of the Fermi level in Co2MnAl becomes 
completely submerged below the Fermi level in Co2CrAl 
[Fig. 2(a) and (d)]. These result in rather pronounced 
differences in the a^y at the Ep and below. For example, 
the large broad peak in the a^y spectrum between -0.8 
and 0.0 eV in Co2MnAl (Fig. 2e) becomes a much re- 
duced narrow peak in Co2CrAl (Fig. 2b), and Co2CrAl 
has a much smaller a^y value of 241 S/cm (Table 2). 
Nevertheless, the calculated u^y spectra above the Ep 
in the two compounds are rather similar, both becoming 
negative at ~1.0 eV. 
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The anomalous Hall conductivity for Co2CrAl was ex- 
perimentally found to follow closely the magnetization 
with the ratio {(rj^) of the two quantities being constant 
over a large temperature range [4lj. suggesting the in- 
trinsic origin. Nonetheless, the measured AHC conduc- 
tivity for Co2CrAl is ^125 S/cm[4l|, being only about 
half of our theoretical value (Table 2). We notice that 
the measured magnetization is only 1.65 /iB/f.u.[4l|, be- 
ing about two times smaller than our theoretical value 
of 3.0 /xs/f.u. (Table 1). Previous experimental studies 
and ab initio calculations showed that the intrinsic AHC 
is proportional to the magnetization. (23l Therefore, 
the smaller experimental AHC may be attributed to the 
smaller observed magnetization in Co2CrAl due to the 
presence of imperfections such as structural disorder. [Z^l 
If we use the measured and extrapolate the linear 
relation a^y = aj^ x M to the theoretical magnetiza- 
tion (M) value, we get an "experimental" a^y value of 
227 S/cm, being quite close to the theoretical a^y value 
of 241 S/cm. The AHE in Co2MnAl was recently mea- 
sured by Vidal et al. [26*1 , and the Hall resistivity p^y was 
found to be about 20 and 15 fj,flcm in clean and dirty 
conditions, respectively. Using these experimental values 
together with the longitudinal resistivity of about 100 
liilcm, one can estimate the AHC to range from 1500 to 
2000 S/cm. We notice that our theoretical a^y of 1264 
S/cm for Co2MnAl is smaller than the estimated exper- 
imantal values[26] by about 15~40 %. The discrepancy 
could be due to the fact that the Co2MnAl samples used 
in the experiments contain mostly the B2 phase ^26|], in- 
stead of the L2i structure considered here. Note that the 
measured AHC values would contain both the intrinsic 
a^„ and the contributions from extrinsic skew scatter- 

xy I — 1 

ing and side jump mechanisms [18[. Therefore, another 
source of the discrepancy could come from the extrinsic 
AHC which is not addressed here. In fact, recent ab ini- 
tio calculations based on the short-range disorder in the 
weak scattering limit [isj indicated that the scattering- 
independent side jump contribution is in the order of 
'^100 S/cm in 3d transition metal ferromagnets and LIq 
FePd and FePt. Similar values of the extrinsic AHC in 
Llo FePdi-xPtx alloys were derived recently by com- 
paring the measured AHC with the calculated intrinsic 
AHC til. Si]. 

Our theoretical a^y value for Co2MnSi agrees rather 
well with the theoretical value obtained recently by com- 
puting Berry curvatures[2^ (Table 2). However, for 
Co2CrAl, Co2MnAl and Co2MnSn, our theoretical ct^ 
value differs significantly from that reported in Ref. |25| 
by about 30--100 % (see Table 2). We notice that in Ref. 
[25| . only 2000 fc-points in the Brillouin zone were used 
and the convergence of the a^y was reported to be about 
20 %. Also, here we used the accurate FLAPW method 
whilst, in contrast, the atomic spherical wave method 
with the atomic sphere approximation (ASA) was used 
in Ref. [1^ . Since the calculated anomalous Hall conduc- 
tivity is sensitive to both the number of k points in the 
Brillouin zone used and the details of the energy bands in 



the vicinity of the Fermi level|19l |21|. |22|. |29l| . the discrep- 
ancies in the calculated tri,, between the two theoretical 
studies may perhaps be due to the fewer k points in the 
Brillouin zone and the ASA used in Ref. [23. 



V. HALL CURRENT SPIN POLARIZATION 

The anomalous Hall effect has recently received in- 
tensively renewed interests mainly because of its close 
connection with spin-transport phenomena. [3| Indeed, 
it could be advantageous to use the Hall current from a 
ferromagnet as a spin-polarized current source, instead of 
the longitudinal current, as mentioned before. Therefore, 
it would be interesting to know the spin polarization of 
the Hall current. The spin polarization of the Hall 
current may be written as 

pH 
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where and are the spin-up and spin-down Hall 
conductivities, respectively. The a^^ and a^^ can be 
obtained from the calculated AHC and SHC via the re- 
lations 

(2) 
(3) 

Note that, the absolute value of can be greater than 
1.0 because the spin-decomposed Hall currents can go 
either right (positive) or left (negative). In the non- 
magnetic materials, the charge Hall current is zero, and 
hence, a^^ — —o'^y results in P^= oo. Also of interest is 
the ratio of the spin current to charge current rj which can 
be written as ry = \{2e/h)a^y/a^y\. It should be pointed 
out that the above decomposition of the Hall conductiv- 
ity into the simple spin-up and spin-down contributions 
{(T^J and (T^^) is valid only for metals containing light 
elements such as 3d transition metals. Because the SOC 
generally mixes spin-up and spin-down states, the Hall 
conductivity contains both the spin-conserving part and 
spin- non-conserving (spin- flipping) part [45,], and the oc- 
curence of the pronounced spin-non-conserving contribu- 
tion would ruin the perfect two-current model (i.e., the 
above simple decomposition). The calculated spin- non- 
conserving contribution is indeed large in Llo FePt but 
becomes small already in LIq FePd[45j. 

The calculated a^J, (^^y, and r] are listed in Table 
2. Interestingly, Table 2 indicates that unlike the longi- 
tudinal charge current, the spin- up and spin-down Hall 
currents would flow in opposite directions in all the Co- 
based Heusler compounds considered except Co2MnIn. 
Nonetheless, the spin-up Hall conductivity is more than 
ten times larger than the spin-down Hall conductivity in 
these compounds except Co2CrGa. In other words, the 
Hall current carriers are mostly of spin-up particles. Re- 
markably, this gives rise to the nearly 100 % spin polar- 
ization of the Hall current in all the Heusler compounds 
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except Co2CrGa (Table 2). Furthermore, the spin cur- 
rent to charge current ratio 77 in these compounds is also 
very high, being just over 1.0. Therefore, both the 
and rj of the Hall current in all the Co-based Heusler com- 
pounds except Co2CrGa are close to or even better than 
the corresponding values of the longitudinal current from 
an ideal half- metallic ferromagnet, even although some of 
them are not half-metallic. This suggests that the charge 
Hall current from these compounds is promising for spin- 
tronic applications. Surprisingly, the spin-down Hall con- 
ductivity is non neglibile even in the half-metallic metals, 
corroborating that the occupied states well below the Ep 
would also contribute to the anomalous Hall effect [l^] . 

The spin polarization of a magnetic material is usually 
described in terms of the spin-decomposed DOSs at the 
Fermi level as follows 



N^{EF) + Ni,(EF)' 



(4) 



where N^{Ep) and N^_{Ep) are the spin-up and spin- 
down DOSs at the Ep, respectively. The spin polar- 
ization P^ would then vary from -1.0 to 1.0 only. For 
the half-metallic materials, P^ equals to either -1.0 or 
1.0. The calculated N^{Ep) and Ni{Ep) for the Heusler 
compounds are listed in Table 1, and the correspond- 
ing P^ are listed in Table 2. In terms of P^ , only 
Co2CrAl, Co2CrSi, Co2CrGe, Co2MnSi and Co2MnGe 
are half-metallic. Interestingly, we notice that in non- 
half-metallic metals Co2MnAl, Co2MnGa, Co2MnIn and 
Go2MnSn, the P^ is significantly smaller than the P^ , 
which is close to 100 % (see Table 2). Therefore, we 
may perhaps regard these compounds as anomalous Hall 
half metals. As pointed out by researchers beforeji^, the 
spin polarization P^ defined by Eq. (3) is not necessarily 
the spin polarization of the transport currents measured 
in the experiments. This can be clearly illustrated by 
magnetically anisotropic materials such as hep Go. In 
hep Co, the spin-decomposed DOSs at the Ep and hence 
P^ are independent of magnetization direction whilst, in 
contrast, the Hall conductivities and hence P^ change 
dramatically as the magnetization rotates. 22| From the 
viewpoint of spintronic applications, only the current 
spin polarizations such as P^ , instead of the P^, count. 



VI. CONCLUSIONS 

The anomalous and spin Hall conductivities as well as 
the electronic and magnetic properties of Co-based full 
Heusler compounds C02XZ (X = Cr and Mn; Z = Al, Si, 
Ga, Ge, In and Sn) have been calculated within the DFT 
with the GGA. The highly accurate FLAPW method is 
used. Interestingly, it is found that the spin-up and spin- 
down Hall currents would flow in opposite directions in 
all the Co-based Heusler compounds considered except 
Go2MnIn, although the spin-up Hall conductivity is more 
than ten times larger than the spin-down Hall conduc- 
tivity in these compounds except Co2CrGa. Resultantly, 
the charge Hall current in all the Heusler compounds 
considered except Co2GrGa would be almost fully spin- 
polarized, even although Co2MnAl, Co2MnGa, Co2MnIn 
and Co2MnSn are not half-metallic from the viewpoint 
of the electronic structure. Moreoever, the ratio of the 
accompanying spin current to the charge Hall current is 
slightly larger than 1.0. Based on these results, there- 
fore, these Heusler compounds may be called anomalous 
Hall half-metals. These anomalous Hall half-metals, es- 
pecially Co2MnAl, Co2MnGa and Go2MnIn which have 
large anomalous and spin Hall conductivities, could find 
valuable applications in spintronics such as magnetorc- 
sistive and spin-torque switching nanodevices as well as 
spin valves. The calculated electronic band structures 
and magnetic moments as well as anomalous and spin 
Hall conductivities as a function of the Fermi level, are 
used to analyze these interesting findings. It is hoped 
that these interesting results would stimulate further ex- 
perimental investigations into the anomalous Hall effect 
and also the characteristics of the Hall current in these 
Go-based Heusler compounds. 
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